Synthetic nanoparticles and other stiff objects injected into a blood vessel filled with red blood cells are known to marginate towards the vessel walls. By means of hydrodynamic Lattice-Boltzmann simulations we show that active particles can strongly accelerate their margination by moving against the flow direction: particles located initially in the channel center migrate much faster to their final position near the wall than in the non-active case. We explain our findings by an enhanced rate of collisions between the stiff particles and the deformable red blood cells. Our results imply that a significantly faster margination can be achieved either technically by the application of an external magnetic field (if the particles are magnetic) or biologically by self-propulsion if the "particles" are, e.g., swimming bacteria.
1
One of the most prominent effects in blood flow is the margination, i.e., cross-streamline migration, of stiff particles towards the vessel walls (1, 2) . This generic behavior is observed for naturally stiff objects such as platelets or leucocytes but also for synthetic nanoparticles which are used for drug-delivery or microdiagnosis applications. Margination is generally attributed to the hydrodynamic interaction of the soft red blood cells with the stiff particles as it has been found to disappear when red blood cells are removed from the liquid.
Margination has been observed experimentally as early as 1980 (3) and since then has been confirmed a number of times (4) (5) (6) (7) (8) (9) . Over recent years, computer simulations have been able to reproduce the effect using various techniques such as 2D Lattice-Boltzmann (8, (10) (11) (12) (13) (14) , 2D dissipativeparticle dynamics (15) , 2D boundary-integral (16) as well as 3D boundary-integral methods (17) (18) (19) (20) (21) , 3D dissipativeparticle dynamics (22, 23) , 3D lattice-Boltzmann (9, 24) and 3D immersed-boundary methods (25, 26) . A number of quantitative mathematical models have been proposed in order to understand and to predict the margination effect (12, 20, (27) (28) (29) (30) (31) (32) (33) . All these models have in common that they are based on the major role played by the interaction between the soft red blood cells and the stiff particles. While the steady marginated state has been fairly well studied, rather little attention has been paid to the dynamics of margination. Investigations how long it actually takes for a stiff particle to marginate from the center of the channel to the vessel wall are rather scarce, with one recent notable exception (34 Nevertheless, this question becomes relevant, e.g., when the margination effect is to be used for particle sorting applications where a homogeneously mixed suspension is flown from a large reservoir through a microfluidic channel and the goal is to extract the marginated stiff particles at the end of the channel (35) .
In this contribution we propose a simple mechanism which strongly accelerates the margination process by the application of an external force opposite (but not perpendicular) to the flow direction. The forcing can be achieved, e.g., by a magnetic field if the marginating particles are magnetic or by active swimming if the "particles" are living organisms such as bacteria. Using Lattice-Boltzmann simulations we demonstrate the effectiveness of our mechanism for spherical and elongated particles in cylindrical channels at various hematocrits as well as plane Poiseuille setups. Besides being of possible technical and biological relevance, our contribution underlines in an intuitive and pictorial way the importance of cell-particle collisions which occur much more frequently when the relative velocity between the particles and the RBCs is increased due to the external forcing.
Methods
We employ a combination of the three-dimensional Lattice-Boltzmann Method (LBM) with the Immersed Boundary Method (IBM). For our calculations we use the simulation program EsPREsSo (36) (37) (38) which we extended to include the IBM. The LBM solves the Navier-Stokes by discretizing space as well as velocities and is well described, e.g., in (39) (40) (41) . The LBM implementation in EsPREsSo includes thermal fluctuations in the fluid (here we choose T = 300K).
The fluid properties are those typical of blood plasma with a viscosity η = 1.2mPas and a density ρ = 1000kg/m 3 .
The idea of the IBM is to model deformable particles by a discrete set of Lagrangian massless particles, whose positions are not restricted to the LBM lattice and which are advected with the (interpolated) flow velocity at each time step (42, 43) . For the interpolation of the flow velocity at the off-lattice particle positions we use a simple eight-point stencil.
The RBC membrane is modelled as an infinitely thin elastic sheet endowed with a shear and area resistance according to the Skalak model (44) (45) (46) . The shear modulus is k s = 5 · 10 −6 N/m (45) and the area dilation modulus is chosen as k a = 100k s . The bending resistance is modeled following the model of (47-49) with a bending modulus of k b = 2 · 10 −19 Nm. To correct for numerical flux of mass through the membrane we employ an additional force to keep the RBC volume constant (49) . The volume deviation of RBCs during the simulation is below 1%. To ensure numerical stability, a short-ranged soft-sphere repulsion is added between RBCs, stiff particles and the vessel walls.
The active particles are modelled by triangulated spheres whose interior space is filled with a regular threedimensional grid of IBM nodes as illustrated in the Supporting Material. As usual in Immersed-Boundary-Methods the grid nodes are massless points flowing with the local fluid velocity. Thus, the interior of the active particles possesses the same density as the surrounding fluid. The grid nodes are connected by stiff harmonic springs as well as bending potentials to retain the rectangular grid arrangement. We found that choosing the grid constant for the stiff particles identical to the LBM grid distance (i.e. 1 in simulation units) yielded the best results. We note that modelling stiff particles in a naive way by using the RBC model described above endorsed with very stiff shear, dilatation and bending moduli, but without the interior grid, required unreasonably small time steps. Compared to IBMs which are explicitly intended for rigid particles (50) our method furthermore possesses the advantage that unphysical flows within the stiff particle are very efficiently suppressed by the interior grid. We monitored the deformation of the stiff particles during the simulation and found it to be negligibly small (see Supporting Information). The volume change of the stiff particle is on average below 2%. Our stiff particle model in addition satisfies very well the no-slip boundary condition on the particle surface as shown in the Supporting Information.
We have validated our method for red blood cells and stiff particles using literature data for the cell-free layer in various microchannels by (19, 51, 52) as detailed in the Supporting Information. flow Figure 1 : Snapshot of the investigated system: 52 red blood cells are mixed with 4 stiff particles (green) inside a 47 µm long cylindrical channel with a radius R = 13µm. The stiff particles are initially located close to the channel center. The flow direction is from left to right and the external force on the stiff particles is applied from right to left thus slowing down the motion of the stiff particles. A corresponding movie can be found in the Supporting Material. Figure 1 shows the initial setup of our simulation box. 52 red blood cells are placed randomly inside a cylindrical channel with radius R = 13µm and length 47µm leading to a hematocrit of 18%. Four stiff spherical particles with radius a = 1.6µm are added to the suspension such that their initial location is close to the center of the channel. A flow is applied from left to right whose pressure gradient is chosen such that the center velocity of a corresponding Poiseuille flow in the same channel without RBCs and particles would be v c =2.5mm/s. We then apply a force on the stiff particles directed opposite to the flow direction. Three strengths are considered: F 1 = 6πηav c which exactly balances the Stokes friction, F 2 = F 1 /2 and F 3 = F 1 /4 which is shown in the Supporting Material. Figure 2 shows the motion in flow direction of the stiff particles as a function of time. Since v c represents an upper bound on the true velocity in the channel, F 1 is larger than the typical friction force and accordingly the particles exhibit a net motion contrary to the flow direction, while for F 2 the motion is in flow direction but significantly slower than in the force-free case.
Results and Discussion

Accelerated margination
Our main result is shown in fig. 3 where we compare the cross-streamline migration of the stiff particles towards the channel walls. As is to be expected, for all considered force strengths (including the force-free case) the stiff particles show a clear tendency to marginate towards the channel wall and to collect inside the cell-free layer. Once they reach the cell-free layer, the particles basically stay there apart from rather short excursions into the bulk flow. Yet, the time that is required by the particles to reach the cell-free layer starting from their initial position in the bulk flow is Figure 2 : Motion of the four stiff particles in flow direction (each line corresponds to one particle). For strong counterforces (F 1 , red lines) the net motion is against the flow direction, while for weak counter-forces (F 2 , green lines) the motion is in flow direction, but significantly slower than in the force-free case (blue lines). strongly different in the three cases: if the strong counterforce F 1 is applied, the particles marginate much faster (within roughly 0.3s) than they do in the force-free case (2s). The margination speed with weak forcing F 2 (0.5s) is intermediate between F 1 and the force-free case. We note in passing that the distance travelled by the particles in the forcefree case before complete margination 2 amounts to around 0.5cm in very good agreement with recent experiments and boundary-integral simulations (34) . It has been argued by a number of researchers that the principal cause of margination can be found in the heterogeneous collisions between stiff and deformable particles (12, 20, 30, 32, 33) . It is intuitively clear that the counterforce applied in the present setup will lead to an increase in the number of collisions between the fast-moving RBCs and the slower stiff particles. We will now attempt to quantify the collision frequency for the different cases.
In a dense suspension such as the one considered here, a "collision" is somewhat difficult to define, however. As we observe extended periods during which a stiff particle and an RBC move side-by-side in close proximity (which should not be considered a collision) it is obvious that purely distance-based criteria will not be appropriate for the present system. We therefore revert to a dynamics-based criterion, namely the frequency of neighbor switches. For each stiff particle the RBC with the smallest surface-to-surface distance is considered as its neighbor. Every time that a stiff particle switches from one neighboring RBC to another, we consider that a collision has taken place. To avoid multiple countings due to small fluctuations, each neighbor change is counted only once. The result is shown in fig. 4 . As can be seen, the frequency of collisions is increased if the particles are actively moving against the flow. Our results thus provide 2 The distance can be estimated by considering the average margination time tm ≈ 2s from the blue curves in fig. 3 and multiplying by the flow speed vc. evidence that increasing the number of collisions directly leads to an increase in the margination speed and thus serve to strengthen recent models which explain margination based on heterogeneous collisions (12, 20, 30, 32, 33 ).
Influence of hematocrit and particle shape
We now turn to investigate the influence of a changing hematocrit on the margination dynamics. Figure 5 (a) and (b) show the trajectories of the active stiff particles in figure 3 but with a hematocrit level of 11% and 32%. The setup with 11% hematocrit has been obtained by reducing the amount of RBCs from 54 to 32 with respect to the setup in figure 3 while the 32% case contains 54 RBCs in a shorter (32µm instead of 47µm) and slightly thinner (R = 12.7µm) channel with only two stiff particles. Clearly, the acceleration due to an external field is robust against changes in the hematocrit level. As a side note, we observe that the margination dynamics even in the field-free case (blue lines in Figs. 3 and  5 ) slows down at the high hematocrit.
Artificial nanoparticles or bacteria can have various shapes. To investigate how a deviation from the small sphere geometry affects the margination dynamics, we show in figure 5 (c) and (d) the trajectories for large spheres with radius a = 3.2µm as well as elongated particles with an aspect ratio 2:1 as shown in the inset. We find no significant influence of this shape change on the margination dynamics.
Influence of system geometry
To ensure that our results are not restricted to the specific channel shown above, we investigate two further geometries. The first one is a thicker channel with radius R = 21.8µm and length L = 59µm containing 180 RBCs and 10 stiff particles. Figure 6 (a) compares the margination dynamics of the force-free case with the situation when the strong counter-force F 1 is applied.
The second system is a plane-Poiseuille setup consisting of two plane walls with a distance of 27µm. The box (which is now periodic in the two lateral directions) has dimensions 23x27 µm in xand y-direction, respectively. It is filled with 32 RBCs and 4 stiff particles and we choose a somewhat lower center velocity of v c = 0.6mm/s and a slightly different viscosity of η = 1.02mPas. The corresponding migration dynamics is shown in fig. 6 (b) . The strongly accelerated margination dynamics observed for both systems in figure 6 confirms the general nature of our proposed mechanism.
Particle dynamics in the marginated state
Finally, we comment on the particle dynamics in the marginated state. From inspection of figures 3 to 6 a few trends are visible. As is to be expected, we note from figure 5 (a) that the marginated state is in general less stable for the low hematocrit Ht = 11% than it is for the higher hematocrits. Comparing the situations with and without external driving, only for Ht = 11% a significant influence of the external driving can be discerned leading to short dips of the stiff particles into the main flow in figure 5 (a) . These are caused by the combination of a low Ht together with a large relative velocity between the stiff particles and the RBCs. A further observation can be made in figure 5 (c) for the large particle. Here, the marginated state is clearly much more stable than for the smaller spheres in agreement with the margination mechanism proposed recently by Fedosov et al. (15) .
Next, we investigate the rotation of the stiff particles in the marginated state. As shown in figure 7 (a) the rotation around the x-axis (plain lines) is much smaller than the averaged rotation around the y and z axes (lines with asterisk). This is to be expected considering that the flow is in x direction. Here we also discern an influence of the external driving: with increasing force strength the rotation diminishes. Active particles exhibit a more sliding motion while non-active particles rather tend to roll along the channel walls.
The strongest influence of the external forcing is observed for the elongated particles in figure 5 (d) . Here, the marginated state of the active stiff particles is clearly less stable than the force-free case. To investigate the cause of this difference, we show in figure 7 (b) the rotation around the long and short axes of the elongated particle for the three cases F 1 , F 2 and without force. For the force-free case the particle rotates almost exclusively around the long axis, as is to be expected. With external driving, however, the particle exhibits a tumbling motion rotating around all three axes simultaneously. This different rotation explains the more noisy behavior of the red and green center-of-mass trajectories in figure 5 (d) .
Conclusion
We have demonstrated a possibility for strongly accelerated margination dynamics of active particles in the blood stream: if particles move against the local flow direction, driven either by an external magnetic field or by self-propulsion, the relative velocity between the soft red blood cells and the active particles increases which in turn leads to an enhanced collision rate between the two. This enhanced collision rate triggers the accelerated migration of the active particles towards the cell-free layer near the channel walls. Our contribution thus furnishes a straightforward and intuitive illustration that indeed RBC-particle collisions are the main driving mechanism behind margination which is the central assumption used in recent mathematical models for the margination effect. The proposed mechanism might be of technical and biological relevance as it provides a simple method to efficiently isolate synthetic particles from a flowing blood stream and might represent a way for bacteria to travel towards the vessel walls simply by swimming against the local flow direction. Figure 7 : (a) Angular velocity of the spherical stiff particle in the marginated state for the trajectories in figure 3 . Plain lines denote rotation around the x-axis while lines with an asterisk denote the averaged rotation around the y and z axes. (b) Angular velocity of the elongated particle in the marginated state for the trajectories shown in figure 5 (d) .
Here, curves with an asterisk show rotation around the long axis in a body-fixed coordinate system while plain curves show the averaged rotation around the two short axes.
